M ethods all(/ measures: Twenty-nine hC<ll1hy subjccts perfonned a n:locity spectrum linear isokinetic test consistin g of 3 sets in <I bilateral rec ipmc<ll Illode. followed by three scl~ in a bilateml coupled mode. Testing ,·elocities were 25A. 50.8 <lml 76.2 cm per second. Six Ill<l.\im<ll volitionul1inear isokinetic repetitions were perfonlled at e:lch testing velocity. Following linear isokinetic testing. su bjects perfonned 5 funct ional tests: bilateral leg ,·ertical jump. unilateral leg venic:lI jump. double legjump for distance. si ngle.leg hop for distance. an d single.leg limed 6·meter hop. Functional testing ent:likd 3 lI1<1xilll<ll volitional attempts of the 5 procedures for both the dominant and non·dominant lower extremity. The me<ln of the 3 al1empl~ was used for c:llculmions. Memls and sl:lnd:lrd devimions of the func tion:!1 test scores :lnd isokinelic lesl scores were detemlined us in g sl:lndard st<lliSlic<l1 procedures. PC<lTSon product moment cOTTei<Jtion cocfficiems were used to detemline the rel:ltiollship between the mean scores onlhc linc<lr iso kinctic test scorcs <lnd funct ion<llteSls for both Ihe dominam ami non-dominant limbs.
Intr oduction
More stringent demands are being placed on spons and onhopedic clinicians 10 document functional outcomes. Clinicians must continue to find measuremems that are objective. and reliable when evaluating these outcomes . Due to reimbursement issues and shoner coverage fo r re habilitation. the need to accurately and effectively assess knee function during in itial evaluation and upon subsequent re-examination has become paramount. Traditionall y, the evaluation performed following a lowerextre lll.it~' injury has focused on physical characteristics such as measurements of joint effusion, knee ligament laxity, ra nge of motion. muscle strength. and endurance [25.27.28} .
Iso kinetic dynamometf}' has become a standard 1001 fo r evaluation of and follow-up testing of muscular strength of the lower extremi ty due 10 the benefits of ra nge of motion control , accommodating resislance. varying movement velocity. and reliability [2.6.12.20.30}. One of Ihe newer modes of isokinetic dynamometers is the Lido Linea Closed Ki net ic Chain Isok.inetic Dynamomeler (Loredan Biomechanieal, West Sacramento, CA). Thi s dynamometer has been developed at a time when clinicians have come 10 rely on closed kinetic chain exercises as a key componelll in spons and onhopedic rehabilitatioll. For purposes of this study, closed kinetic chain isokinetie tesiing will be operationally defined as utilizing a linear isokinetic pattern, while open kinetic chain isokinelic test ing will be operat ionally defined as utilizing an angular pattern.
Until recently. most isokinetic systems llIilized an angular pattern of testing in which the distal ponion of the extremity tested was free to move. Previous isokinet ic smdies that have investigated linear strength parameters used a modified dynamometer that provided resistance to a movement through an angular arc of motion similar to the open chain methods [5, 17] . With newer isokinetic devices. measures of strength and power can be obtained in a linear paHem with Ihe distal extremity fi xed to the apparatus [6. 14] . In addition to the Lido Line[l. the Closed Kinetic Chain Rider (MeHler Electronics, Anaheim. CAl . and the Cybex Li fta sk (Cybex Division of Lumex, Inc .. Ronkonkoma, NY) are several other examples of isok.inetic de vices that utilize a linear pattem for strength assessment. To date. only 2 studies have been performed examining the relationships between results of linear isokinetic testing and func tional tests r 13, 181. Another common means of assessing lower extremity strength is through the performance of funct ional tesls. Functional tests are activities that can be objectively measured th[ll closely simulate spons or recreation[ll activity. In addition to muscular strenglh these functional tests also assess neuromuscular control. speed of muscle contraction. lower extremity power. joint function and joint range of mot ion. These tests are numerous and a paniall ists includes single-leg tests such as the one-legged hop lest fo r distance [3.8.9 .1 9}. the timed one-legged hop tesl over a distance of 6 meters [3J, the one-legged ven ical jump [3] . lhe crossover tri ple hop [19] . and the leap [3. 11J. In addition 10 these tests. two-legged tests are available: the fi gureof-eight-test [29] the stair-run ning tesl [29 J. the carioca test [ IS}, the shuttle run [ 16] , the semic ircular test and the vertical jump test [ 15] .
Many studies have assessed the relationship between results of isokinetic tests and func tional tests. ironically, each of Ihese studies compared an angular pattem of isokinetic testing with closed kinet ic chain functional test [1,3,4.7,1 5,21 ,23.26,3 1] . The n[lture of the two different tesling procedures, (i.e .. using funct ional tests that are closed kinetic chained and isokinetic tests that are angular) would suggesl that rclationships may be low. Only a few slUdies have assessed relat ionships between linear isokinetic testing and functional performance testi ng [ 13. IS}. Negrete and Brop hy [ 18} compared res ults of angular and linear isokinetic testing with se"eral funct ional tests. Using a group of 60 volunteers, results of isokinetic knee extension, leg press. and single-leg squat strength were correlated with functional test scores of single-leg hop, wnical jump and a speed/agi lit)' les\. Isokinetic leg press strength eval uated at 76.2 cmis demonstrated moderate to high correlations (r = 0.67 to 0.76) with 2 unilateral perfonn3nce tests: the singleleg hop for distance and the single-leg vertical jump.
More recently, Kovaleski et al. [ 13J utilized both angular and linear isoki netic tesling to detennine their relationships to funct ional performance. In their study. 30 uninjured men and wo men were tested to de termine relationships between low-speed isokinetic testing and perfomlanee on func tional tasks such as jumping. hopping. and speed agil ity. Ne ither lower-limb linear nor angular isok inetie strength measurement s correlated highly (r = 0.26 to 0.62) with the functional test results.
1l1erefore, the primary purpose of this study was to assess the relationship between linear concentric isokinetic tesl scores on the Lido Linea and scores on a series of closed kinetic chain fu nctional tests. The research hypothesis guiding this study was that linear concentric isokinetic testing scores obtained on the Lido Linea would have a positive association with jumping and hoping closed kinetic chain lower extremity functional test scores. and have a negat i \"(~ association with results of the 6-meter single-leg timed hop.
Methods
A sample of 29 healthy panicipams aged 19-33 years (mean = 26.7 +/-5.2) with no history of prior knee surgery or recent acute knee injury were recruited through a university physical therapy department and through a local spons and orthopedic physical therapy outpat iem cli nic. Sixteen of the participams were men . while 13 were female . Means. standard dc"iations and range of particip:1ms weight and height can be seen in Table I . Participallls were evaluated for lower extremity pathology through a self-reponed heallh history questionnaire and through a physical examination by the principal author to assess any instability in the knees or ankles. A manual physical examination including the Lachman's Test. posterior drawer. varus and valgus stress to the knee were all perfonned prior to testing. In addition. ankle joi nt amerior drawer. and varus/valgus stress testing were also perfonned to rule out instabil ity at the knee or ankle as a possible cause of low corrclations during our study. Any participant with a recem knee or ankle inju!)' (within past 9 months). past surgical procedure(s) to one or both knees. ligamentous instabi lity. or loss of balance found on examination was e;.;cluded from the study. Participant's balance was assessed via a single leg stance tes!. Thi s test had to be held fo r a minimum of 30 seconds wuhout loss of balance for the participant to be included in out stud y. No participant demonstrmed a loss of balance. which would havc excluded them from the study. A health histol)' questionnaire detertnined if the partie· ipants ever had an upper extremity inju!)' that would hinder their ability to reach during the vertical jumping. No subjects reponed a prior history of upper or lower extremity injury or surgel)'. All 29 subjects staned and finished our study. Leg dominance was determined by asking participants with which leg they would be most comfortable kicki ng a ball. Prior to testing each participant received an explanation of the risks. benefit s. procedures and signed a consent fonn approved by the university's and medical center"s lnstillllional Rcvicw Boards. 
Pmcedures
Participants perionned the tests begin ni ng with a brief wann-up fo llowed by isokinet ic testing and finally the performancc of four funct ional tests. followed by a brief cool-dowll. The surface on which the functional testing was perfonned was a low-pile carpet glued m·er a concretc floor. FUllclionaltests were chosen due to their prevalence in the orthopedic and sports medicine literature. All testing was perfonned in a non-randomized order beginning with isokinetic tests firs!. foll owcd by the fUlictional tests. This was done purposefull y to more closely simulate actllal rehabi litation clinical conditions itt which fu nctional testing is usually preceded with isokinctic testing. All fun ctional tests were performed itt a systematic manner beginning with bilateral leg tests progressing to unilateral leg testing. Functional tests progressed from those with the least stress applied to the lowcr extremities, c.g .. bilateral venical jump. to those with the most stress appl ied to the lower extrem ities, e.g .. 6-111 timed singleleg hop. Three practicing spons and onhopedic physicaltherapists. all with a minimum of 6 years of cli nical experience. perfonned all testing. All of the testing procedures were perfonned on the sattle day. The entire (esting session lasted approximately 40 minutes for each panicipant. Due therapist perfonned all of the isokinetic tests. while the other 2 lherapists perfonned the fun ctional tests.
/IISrl"lllllelll(ll;Oll
The Lido Linea Closed Kinetic Chain lsokinetic Dynamometer was used to measure strength and power pcrfomlance during concentric linear isokinetic leg press testing in both bilateral reciprocal pattern and bilateral coupled p<luern. A bilateral reciprocal repetition on the Linea is ddined as a compkte leg press stroke from the fl exed knec position to the extended knee p0-sition for each limb in di rect succession (each pedal mo\·ed independent or unlocked). A bilateral coupled leg press on thc Linea is defined as a complete leg press stroke from the flexed position to the extended position with both extremities in unison (pedals moved together or locked), The l ido Linea has been shown \0 be reliable [6] . Measurements of peak force were recorded for each limb by the system's soft ware. Stat ic calibration was perfomlt:d per in struction manual and has been previously described [6] .
Panicipants performed a standardized warm-up prior to each tesling ~e<:<:. i n n . Th .. sl:mdard ized w::mn-up consisted of fiye mimlles of cardiovascular and musculoskeletal exercise on a stationary bicycle at a selfselected. submaximnl inte ns ity.
Participants were positioned semi rccumbem in the Linea's leg press chair and stabilized by a lap bell. Panicipants were placed in the Lido Linea with their knees fully extended. and with their hi ps in approx i~ mately 70" of ncx ion. TIlis position was standardized to ensure that thc length of the trunk. thigh and legs could not be a c;\Usc of mO\'emelll error during testing . A li near rangc of mot ion was established so that the knees mo\'ed from approximately 90° of knee flexion to 5° of flexi on during the complete leg press stroke. A popliteal pad was placed behind the knees to pre~ "em knee hyperextension. Panici pants were allowed 10 grasp the system 's handgrips duri ng testing.
Prior 10 each test. partic ipants performed an linear isokinetic waml-up of three gradient. submaximal repetitions plus one maximal repetition at each test velocity. The suhmaximal ,,' ann~up repetitions progressed from 25-50 .... 75% of"oli tional effon. Panicipants pc r~ formed the bilateral coupled lesl followed by the bilateral rec iprocal leg press test molion .
Testing consisted of a velocit), spectrum of linear isokinetic leg press exercises performed in the concen~ tric mode at slow (25.4 c m!s). medium (50.8 cmfs), and fast (76.2 cmfs) velocities. For each test velocity. six successi,·c maximal "olitional concentric isokinetic repetitions were pcrfomled. An isokinetic test velocity o n the Lido Li ne:1 refers to a constant change ill the linear shaft ovcr time. Strong vcrbal encouragement was provided in a consistent manner to elici t maximal effon from the panicipant. Panicipants were provided vis ual feedback of the perfomlance. A one~minu te rest period separatcd testing at each ,·elocit)'. The testing sequence progressed from slow 10 medium to fast velocities. which is common in clinical isokinetic strength testing.
At the conclusion of Lido Linea isokinetic testing. panicipants perfomled light lowerextremilY stretching at thei r discretion. These stretches generally consisted of quadriceps :lnd hamstring stretching exercises for up to 3 minutes. Isokinelic testing preceded functional tcsting.
Following the wann-up. isokinetic stre ngth tests . and stretching. each participant perfonned the follow ing func tional tests: the bilateral venical jump test. singleleg vc rtical jump. 2-leggcd j um p test. single-leg ho p test. and the timed 6-m single-leg hop test. These tests wcre chosen for this study due to their ease o f use in a clinical selling :lnd Ihe ability to perform them in our clinic. T hree wamH tp trials fo r each f1.lnclional test were allowed for familiarit), wilh the actions required and to ensurc competence and understanding wilh instnlctions for thc testing proccdures. Part icipants perfonned 3 attcmpts of each test and were asked to give maximal effort for each attempt. A one-minute rest period was allowed betwecn lests. Upper extremity movement was restricted as much as possible whcn appropriate. At completion of functionaltesli ng. pani c~ ipants perfonned a cool down by riding a stationary bicycle and or stretching.
\'erricaf jllmp tesr
Sargent [22] and Semenick [24] prc\'iouslydescribcd the stand ing venicaljump lest. It is gelleral1y accepted that using tradilional chalk or tape methods of assessing vcnical jump can generale a large amoum of e r~ ror. so the Venec jump apparatus (Spons Impons. Inc .. Columbus, Ohio) was used. A standing basel ine reach measurement was initia\1 y perfonl1ed with panicipants standing fl at foot ed and reaching as high as possible wit h both the right. then the left upper cxt remity. Par~ ticipants then jumped as high as possible with both legs. the dominant leg. and with the Ilon-dom inamleg. Three trials were completed with both legs together and with each single leg. Participants were asked 10 jump as high as possible and to reach with Ihe opposite upper e.~tre mity to displace a movable plastic vane ofO.5-inch increments. Counte r movcmcnts wi th the upper extremities werc utilized during this lest because reaching is a pan oftile testing procedure. The standing basel ine reach was subtracted from the total venical j ump score to obtain the distance jumped.
The 2~l egged j ump lest and thl! single· leg hop test were perfonned in a similar fashio n to each other. The Stand ing Long Jump Mat (5 BP. Toronto. Canada) composed of a durable rubber material was used fo r mea~ suring j um ps and hops. This mat has a standardized starting position and is able 10 measure jumps of 50 to 320 cm. Panicipants we re asked to stand with the front of their shoes al the starting maJk . Pall idp;mls stood with the front of the ir shoes behind the staning !Hark with hands on hi ps and knees bent. Panic ipants jumped or hopped (2-legged or single-leg hop) as far horizonlal1 y as possible. landing with belli knee(s) 10 help decrease risk of injury. During perfo nnanceofthe 2-kgged jump for dislance the participant jump from both feet and landed on both feet. During the singleleg hop for distance_ the pan icipant hopped from a single leg and landed on that same leg from which they hopped off of. TIle spot where the heel of thc more posterior shoe lnnded was marked and used as jump distance. To qualify for a legitimate jump. participants had to land withom fall ing down or taking a step. After landing. thi s position had to be held for at least 2 seconds. A fa iled jum p included loss of balance. touching floor with the contr:tlatcrallowe r extremity (during single-leg hop). the upper extremities. or an addi tional hop aft er landing. The distance of 3 maximal attempts for each test wa.. " recorded.
When testing the single-leg hop. panicipnnts hopped using the non-dominant leg first followcd by the dominant leg . Once again . as with the 2-legged jump test. panicip:l.I1ts hands were held at the hips to decrease gaining momentum with the anns. Participams bent their knees and hopped as far horizontal1y as possible. this time landing on the same ex tremit y. The distance from the starting mark to thc heel of the landing leg was measured. Participants had to land without losing balance and without relying on the other lower extremity to aid in landing.
Barber ct al. [3} have described the single-leg 6-m timed hop. The single-leg timed 6-m hop began at a mark of siandard athletic tape pl aced on the floor. The single-leg timed 6-m hop was pcrfonned using large forceful single-leg hopping motions across the noor. A standard manu.,\ slOpwmeh was used 10 time each trial to the nearest 11100 second. Three trials were performed for each lower extremity with the nondominallileg tested first. foll owed by the dominant leg.
Doro (ll1alys i_f
Mean and standard deviations for isokinetic scores and scores on functional tests were ca\culmed using standard statistical procedures. Pearson product moment correlation coeffi cients were Ilsed to detemline the relationship between the mean scores on the functional tests and the mean scores of semi recumbent lcg extension peak force (ft-Ib) isoki nctic linear strength measurements for the dominant and non-domin:mt limbs. An alpha le\·el was set at p ~ 0.05. Statistical anal ysis was perfonned using Statistical Pack:lge for Social Sciences (SPSS. V. 9.0. Chicago. IL).
Results
A total of 29 subjects ( 19-33 years of age) agreed to complete the research study. All 29 subjects started and ended the testing procedures. Table 2 shows mean. standard deviations and ranges of the functional test scores fo r each variable meas ured.
Data from the bilateral reciprocal concentric isokinet ic pe:Lk force scor;><; <;howerl rel:u ionships 10 singlcleg fuuctional test scores ranging from -0. 36 to 0.65 (Table 3) . Ncgati\'e correlations are due to the two differen t measurement methods. For isokinetic testing. the relative scores increase numericall y as the person obtains a higher score. Thus. a greater peak force generat ion will resull in a greater isokinetic score. In pcrfonnan ce of the single-leg 6-m timed hop. the greater amount of time taken to hop 6-m results in a WONe or lower score. A subject with a higher or better score is able 10 perfonn the test in a shoner lime. Therefore. a negative correlation c.x ists.
With the exception of one comparison. all of Ihe functional test scores demonstrJ.ted signifi cant correlations (p ~ 0.05) with each linear testing parameter. The test not showi ng significance was between the singleleg hop and the bilateral rec iprocal mode. dominant leg at 76.2 cm. per second (p = 0.059). An interpretation of the coefficients of determination (r2) for these tests indicates that the single-leg hop tests account for only 15% to 42% of the variation in the isok inetic measures.
Relationships between bilateral coupled concentric isokinetic peak force scores and double-leg function al lest scores demonstrated positi"e eorrelmion coefficients ranging from 0. 11 to O.M (Table 4 ). The scores for Ihe 2-legged hop tests account for onl y I Sb 10 4 1 % of the variation in the isokinet ic measures.
Discussion
No study to date has compnred velocit)' spectrum lin· e·ar concentric isokinetic testing scores with fun ctional performance tests. The results of this study show low 10 moderate. yet statistically significant relationshi ps. between strength on a linear concentric isokinetic leg press and the perfonnance of functional tests such as the bilateral vertical jump test. single-leg vertical jump. double-leg jump fo r di stance. single-leg hop test and the timed 6-meter sing le-leg hop test. ~·lost correlations were significant at the p ~ 0.05. In addition . most tests demonstrated correlations in the low to moderate le\·els with r-values ill most cases greater than 0.25 . A Negrete and Brop hy (1 81 found significant correlations between functional test scores and linear concentric isokinetic test scorcs. The si ngle-leg hop and the bilateral reciprocal leg press mOlion were correlated at 0.73. while the isoki netic single-leg squat and the single-leg hop were co rrelated at 0. 73 . with each signifka m at the p < 0.00 1 leveL The corrcl:ttion between the single-leg \·enical jum p and the bil:lIeral leg press was O.5S. while with the isokinetic single-leg squat correlated at 0.57. again. both signifi cant at the p < 0.001 level.
One potential difference between resullS of Negrete nnd Brophy [ 18J and those of the present study i_~ the position that panici pants were placed in the isokinetic machine. The present study lIsed a semi recumbent posit ion. similar to that used by Davies and Heide rscheit [6] during their study 10 determi ne reliabililY of the Lido Linea_ The Negrete and Brophy [ ISJ study used a true supine posilion. Theoretically Ihis supine position could h:J.\-e altered the biomechanics of the hi p and knee and ankle enough 10 more truly simulate fu nctional testing. The full supine position wo uld place the hip and knee eXlensors in better length-tension relationships to allow g reater torque production. TIle present study, with subjects placed in a semi recum bent position. may not have allowed full torque produclion of the hip and knee extensor muscles or the ankle planlar fl exor muscles. This could have slightly reduced the coefficicnls seen in thi s siudy.
The low to moderate correlations fou nd in this and the slluJy loy NC~JC: t~ alii.! Brophy [ 18J could have im- Correlat ions between linear isokinel ic lesling wiln the non-dominan! leg and functional testing are higher than correlations using scorcs from the dom inant leg. This smdy used the standard lechnique ofUlilizing the leg [hat olle would use to kick a ball to delennine dominance. The finding that the non-dominant leg demonslr:lIed higher correlalions between lincar isokinelic strenglh scores and funclional test scores than the dominanlleg may be imponanllo the field of rehabilitation and physical therapy. Should dominance bcdetennined with respect 10 which mode of strength tesling is ulitiled? The s[andard method of detennining dominance by having the participants kick a ball ma y be very appropriate for angular lesling. since kicking a ball is an open chain :lctivit}'. BUlthe present sludy used a linear isokinetic lesting apparalus. and functional testi ng is a closcd chai n activily. When using the standard rne[hod or de termining dominance. lhe non-dominant leg is the leg most used in a closed kinetic chain fas hion during kicking a b:lll . This could explain why. when [esting in a linear manner. lhe scores o n Ihe non-dominant. i.e .. closcd chain leg. dcmonstrated higher correlations mentioned above.
Conclusions
The single-leg and 2-1egged fun ctional tests used in the prc'>cnl sfUdy are both clinical tests thai provide quaiilati\'c and quam ilal ivc d;lIa regarding the physical fUllction of the knee. Furthermore. each of these tests can be perfonned easily in a clinical sc ttim~ withoU! expensive isokinetic le~li ng devices such as~lhe Lido Linea. Despite this, the present study showed Ihat the correl :lIions between these tests and closed kinetic chain isokinetic test scores are in the low to moderate ronge. Neither functional testing nor isokinetic tests should be used in isolation when 3ncmpling 10 determine bmh muscle perfo nnancc and physical function o f the knee and lower extre mity.
